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Abstract
The largest hydrogen-air explosion in the open atmosphere is analysed using
large eddy simulation (LES) with two combustion models. The first is
based on the analysis of flame front self-induced turbulence by Karlovitz
with a maximum augmentation of the stoichiometric hydrogen-air burning
velocity of 3.6. Flame front wrinkling due to flow turbulence is modelled using
a combustion model based on the renormalization group theory. The second
uses fractal theory and increases the burning rate with radius as R1/3.
The first model provided a nearly constant flame velocity after initial
acceleration, contradictory to theory and experiments. The second model
provided better agreement with experiment on flame radius and acceleration,
but overestimated the pressure wave peak in the positive phase. Analysis of the
results demonstrates that the theoretical value of the fractal dimension
D=2.33 in the simulations could be reduced, particularly due to partial
resolution of flame front wrinkling by LES.
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    Deflagration of a large-scale gaseous fuel-air mixtures is a realistic accidental scenario, e.g. (Krasnov et al., 2003), and appropriate models and tools are required for explosion safety design or accident investigation. As regularities and major governing physical phenomena for freely propagating flames are different from those for stabilised flames, e.g. large length scales and low stretch rate are typical for unconfined explosions (Bradley, 1999), it means that conventional models, used to design different combustion devices, will not be appropriate for the analysis of large-scale explosions. 
    Theoretical and experimental analysis of explosion flames acceleration due to hydrodynamic instabilities was given by Bradley (1999, 2005). According to their results, the wrinkled premixed flame surface, resulting from the developing hydrodynamic instabilities and cellular structure, becomes fractal in nature. For a spherically propagating flame the outer cut-off o of this fractal structure is of the order of the flame front radius and ever increasing with time, and the inner cut-off i is of the order of the flame front thickness (Bradley, 1999). As the flame propagates, the wrinkling increases, creating a larger surface area and consequently flame acceleration. As a result, the flame speed increases as with the square root of the elapsed time (Bradley, 1999) and may lead to the development of detonation (Bradley, 2005). 
    Analysis of 20 unconfined explosion experiments was performed earlier by Gostintsev and co-workers (Gostintsev et al., 1988). They found that the onset of fractal (self-similar) flame propagation regime occurs at some critical radius R*. The radius R* depends on ignition conditions, existence of disturbances during initial period, and mixture properties. According to (Gostintsev et al., 1988) the radius R* varies in a large limits m depending on fuel used (hydrogen, methane, acetylene, propane, butane). However, the corresponding Reynolds number varied in limits only, where , Su0 – laminar burning velocity of mixture, R*  – radius, at which the fractal regime of flame propagation was established, m2/s – characteristic kinematic viscosity of fuel-air mixture. Gostintsev et al. (1988) pointed out that the self-similar regime of fully developed turbulent flame propagation is very stable. At the same time, turbulence for freely propagating flames should be non-uniform and anisotropic. 








where R – radius of the flame front, R* – flame radius,  at which the fractal structure was established, Su* – burning velocity at radius R*. Different values have been proposed for the fractal dimension D. Gouldin (1987) has used value D=2.37 adopted from (Abdel-Gayed et al., 1984). In later work Bradley (1999) suggested D=2.33 for a freely propagating flame. Gostintsev and co-authors (1999) showed that in the case of self-turbulising freely propagating flames the fractal dimension D takes values in the range D=2.2 – 2.33. It is worth to note that the above fractal analysis may be applied to the flames with stable preferential-diffusion conditions only: the mechanism of surface distortion of the unstable flames cannot be explained by hydrodynamic instability alone (Kwon et al., 1992).
    The direct application of the fractal analysis to the modelling of the unconfined explosions is complicated by the fact that in the initial stage, the development of the flame involves laminar flame propagation, formation of cellular flame structure and a self-turbulizing flame propagation regime. Thus, the burning velocity Su at the flame radius R* should be known. 




where Su – burning velocity, Su0 – laminar burning velocity,  - flame wrinkling factor,  - expansion coefficient of combustion products. In the experiments by Karlovits et al. (1951) the actual flame wrinkling factor didn’t always reach the maximum theoretical value, but was a function of flow Reynolds number.
    The above theoretical analysis suggests that the freely propagating flames in large-scale explosions have a self-turbulising, accelerating character. The aim of the present paper is to compare the performance of two different combustion models in application to the modelling of the large-scale unconfined deflagration using large eddy simulation (LES) approach. The LES model was applied previously to model closed vessel explosion (Molkov and Makarov, 2003; Molkov et al., 2004) and was capable to reproduce partially the evolving flame wrinkling. The maximum resolved flame wrinkling factor reached value resolved=1.1 and fractal dimension D=2.15 for the finer grid. The first combustion model, based on the renormalization group (RNG) analysis was also successfully applied to the modelling of the premixed flame front propagation inside vented enclosure (Molkov and Makarov, 2004). The second combustion model incorporates the conclusions of the fractal theory and aims to reproduce the accelerating character of the freely propagating flame front.

Experiment overview
    The largest experimental unconfined hydrogen-air deflagration known to the authors was used in the present study. A series of explosion experiments with a nearly stoichiometric hydrogen-air mixture of different size was described in (Schneider and Pförtner, 1983). Here the experiment involving the deflagration of a 29.7% hydrogen-air mixture prepared in a polyethylene hemisphere with radius R0=10 m was used. The hemisphere was positioned on the ground. The mixture was ignited in the centre of the hemisphere at the ground level using 2 pyrotechnical charges with an ignition energy of 75 J each. 
    The hydrogen-air flame was made visible using fine NaCl powder, added to the mixture at the end of mixing. During the experiment the position of the flame front was recorded using high-speed cameras, which allowed to obtain dynamics of average flame front radius with time and flame front contours. The flame had a nearly hemispherical shape with a developed turbulent structure. The welded segments of the polyethylene balloon burst when the flame reached radius of about 0.5R0. The segments made it difficult to observe the flame front when the expanding flame reached them. The maximum flame radius reached about 2R0. The initial value of the laminar burning velocity was estimated in (Schneider and Pförtner, 1983) as m/s. The maximum flame velocity was observed when the flame radius was between the original radius of hemisphere, R0, and 1.5R0, and reported to be 84 m/s. At that stage, the flame front had developed turbulent structure with a thickness of the order of meters, which is visible from video records. 
    The pressure dynamics was obtained at different distances from 2 to 80 m from the ignition source. The maximum pressure was nearly constant for pressure sensors installed inside the radius of the original hydrogen-air mixture and decreased inversely proportional to the flame radius at larger distances. The positive pressure wave was followed by a shorter and larger value of the negative pressure wave. The pressure sensors were covered by a 2 mm layer of silicone grease for protection against the influence of temperature and radiation heat flux. Nevertheless, all sensors installed within the radius of the flame propagation, were affected by the flame and didn’t return to their zero value after the flame propagation. The sensor at radius R=5 m was additionally protected, and, this additional protection was sufficient for the sensor not to be affected by combustion products and radiation.

Large eddy simulation model and problem formulation




    As the dilution of the original hydrogen-air cloud with ambient air at larger radius should be significant, the additional conservation equation for air mass fraction is used to model it:

	.	(5)
   




    The burning velocity concept together with the gradient method provides a way to ensure that the prescribed mass burning rate  takes place in the simulations, irrespective of the grid resolution.
    To prescribe the burning velocity two models were applied. 

RNG Combustion Model












   According to the analysis by Gostintsev et al. (1988) the characteristic radius of the onset of the fractal (self-similar) flame propagation regime for stoichiometric hydrogen-air mixture is R*=1.0-1.2 m, and the value R*=1.0 m was used in the RNG model. The distinctive feature of the described model is that it doesn’t contain adjustable parameters and uses the values obtained from literature only.

Fractal Combustion Model








Polynomial coefficients were chosen to provide laminar burning velocity Su0=1.91 m/s at radius R=0 m, burning velocity Su*=5.9 m/s at R=R* and equal derivatives of burning velocities at the limit R=R* from lower (11) and larger radius (10).

Calculation domain
    To include both the flame and the pressure wave propagation areas, the calculation domain had dimensions of 200x200x100 m (LxWxH). The unstructured tetrahedral mesh was used in the area of flame front propagation with an average control volume (CV) size of about 1.0 m at R22 m. Above R=22 m the size of the tetrahedral CVs gradually increased with distance up to 4 m. The area beyond 30 m, from the ignition location, was meshed using a structured hexahedral grid to decrease the total number of CV. The size of hexahedral CV was 4.0 m, except the part of calculation domain, where the pressure dynamics records were obtained and where the CV size was equal 2 m. The total number of CVs was 294296. The calculation domain cross section and the enlargement of its central area are shown in Figure 1.

Initial and boundary conditions
    At the part of boundary representing the ground surface, non-slip adiabatic boundary conditions were applied. Non-reflecting boundary conditions were used on the boundaries representing the atmosphere.
    At the initial moment the pressure was equal p=98.9 kPa and the initial temperature T=283 K. Initial values of the progress variable and the air concentration at R10 m were c=0, Ya=0.9713; at R>10m: c=0, Ya=1.0.
    Modelling of the ignition process was achieved by an increase of the progress variable in one control volume during a period of t=15 ms. This method provided smooth initialisation of combustion process in the simulation; no adjustment of simulation results in time was made.




    A comparison of the experimental, as reported in (Schneider and Pförtner, 1983), and simulated average flame radius with time is shown in Figure 2. Position of the simulated flame front radius was found as an average location of CVs, having progress variable values within the limits  at this moment. Generally, the simulated flame front radius is in agreement with the experimental results, both for RNG and fractal models. The fractal model provides better correspondence with the flame front radius at larger times, t=0.2-0.32 s. It is seen, that the flame radius for the fractal model follows the curvature of the experimental flame radius with time, which reflects the flame acceleration in the experiment. Contrary to that, the flame radius provided by the RNG model has a rather linear character with time. However, it is in better agreement with the experimental data at initial period of flame propagation, t=0-0.07 s. This is caused by a larger value and faster growth rate of the flame wrinkling factor  in the RNG model provided by its exponential dependence with radius, eq.(9) and the higher maximum value of max=3.6.

Flame velocity
    The dependence of the flame front velocity on flame radius was found by processing the experimental average flame front radius with time presented in Figure 2. The resulting flame front velocity is shown in Figure 3 in comparison with the simulated results. We have obtained the maximum experimental flame propagation velocity of 93 m/s by processing the experimental radius-time curve, while in the experimental report it was given as 84 m/s, which may be the result of different processing techniques. Nevertheless it is seen that the experimental flame front velocity is constantly growing, quite in agreement with the theoretical predictions up to the radius R=12 m, after which it decelerates, presumably due to the dilution of the original hydrogen-air mixture with ambient air. 
    The RNG model at first provides fast flame acceleration (implying good correspondence of the experimental and the simulated flame radius in Figure 2). Then the flame velocity remains nearly constant with the maximum value about 72 m/s, which is lower than the maximum experimental velocity 84 m/s reported in (Schneider and Pförtner, 1983) and 93 m/s obtained by the fractal model. It appears that the feedback from the turbulent flow in the RNG combustion model is not sufficient to provide the theoretically expected acceleration of the large-scale freely propagating flame front. The dilution of the fuel-air mixture with ambient air was not accounted for by the RNG model and the flame substantially decelerated only after the radius R=18 m.
    The fractal combustion model provides a growing flame velocity up to R=14 m, reaching a maximum value 95 m/s, which is close to the experimental results. Then, the flame velocity decelerates because of dilution with ambient air and the deceleration dynamics is quite similar to the experimental one. Generally, the flame propagation velocity obtained with the fractal model fits the experimental result qualitatively better apart of the initial radius R=0.0-2.0 m, which corresponds to the period t=0-0.07 s. Apparently, the burning velocity approximation (11) provides a low burning velocity value and the flame propagation is relatively slow at that stage. Also, it should be taken into account that the control volume size, used in the present simulations in combustion area, is about 1.0 m and flame dynamics at average flame radius R=1.0-2.0 m may be affected by an establishing numerical flame front profile and numerical resolution of the simulated flame front.

Pressure dynamics
    Comparison of experimental and simulated pressure dynamics with time is shown in Figure 4 for pressure sensors at distances of 2, 5, 8, 18, 35 and 80 m from the ignition location. Pressure records from the sensors installed in the area of the flame propagation were affected by temperature and heat flux. This is mostly manifested for the pressure sensor at 2 m – experimental pressure decreases unrealistically after t=0.05 s and never returns to zero. Pressure sensors at 8 m and 18 m were also affected by combustion process though in a less degree. For the pressure transducer installed at 8 m the flame front arrives at about 0.12 s and for the pressure sensor installed at 18 m – approximately at 0.22 s.

    This is in agreement with (Schneider and Pförtner, 1983), where the flame was reported to propagate faster along the line, where the pressure sensors were installed. The pressure sensor installed at R=5 m was additionally protected against thermal impact and its pressure record was not affected by the flame front.
    The pressure dynamics simulated according to RNG model is quite in agreement with the experimental one both within the flame propagation region and in a far field. As the pressure dynamics is associated with the flame speed, there is no wonder in it because the flame dynamics simulated according to the RNG model is generally close to the experimental one. The maximum overpressure is about 7 kPa, which is close to the experimentally observed maximum 6 kPa, and nearly constant within the flame propagation region. Outside of the flame propagation region, the maximum pressure decreases in agreement with experimental data. For the negative pressure wave the minimum pressure is about –10kPa, which is equal to the experimental one by sensor at R=5 m (the measurements of sensors at R=2, 8 and 18 m were not valid during the negative pressure wave).  
    The pressure dynamics simulated using the fractal model is different from the one obtained using the RNG model. The maximum overpressure is about 12 kPa within the flame region, and remains nearly twice larger than the experimental maximum pressure in a far field, R=35 and 80 m. As the fractal model provided constantly accelerating flame up to R=14 m, the corresponding pressure dynamics is more “spiky” and doesn’t have a flat pressure distribution at the maximum value like the pressure dynamics according to the RNG model within the flame region (pressure sensors at R=2, 5, 8 and 18 m). 
    The explanation of this result may be the fact that the fractal model predicts a larger flame velocity than in the experiment, and this is the reason for the overestimated maximum pressure along with the fact of the monotonic flame acceleration. One may suggest that the flame acceleration was too fast due to the choice of the fractal dimension value of D=2.33, which is the highest value for the flame front propagation in the limit of fully developed turbulence, and a lower value, e.g. D=2.2 (Gostintsev et al., 1999) could provide a more favourable result. Also, the fractal dimension value, used in the present simulations, didn’t take into account the partial resolution of the flame wrinkling in the LES simulations. Though the value of wrinkling is expected to be similar to that in (Molkov and Makarov, 2003; Molkov et al., 2004), i.e. resolved=1.1, it was growing with the flame radius and contributed to the flame acceleration. Furthermore, the fractal dimension of the resolved flame wrinkling was as large as D=2.15.    

Conclusions
     The largest unconfined deflagration involving a 10-m radius stoichiometric hydrogen-air mixture was studied using the LES model. Two different combustion models were used with LES – the combustion model based on the RNG analysis and the model based on the fractal analysis of freely propagating premixed flames. Both models accounted for the burning velocity augmentation due to the turbulence generated by flame front itself.
     In general both combustion models provide flame front propagation very close to the experimental one. However, the RNG model provides nearly linear growth of flame front radius with time and constant flame velocity during the most of the combustion process. The fractal model provides a flame velocity monotonically growing up to 14 m radius, which is in a better agreement with results from theoretical analysis and the experimental data. 
     The comparison of simulated pressure dynamics with time suggests that the flame acceleration with time obtained using the theoretical fractal dimension value D=2.33 may be an overestimation and the lower fractal dimension value could be more realistic for LES. In particular, it can be reduced owing to a partial resolution of the flame front wrinkling by LES.
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Figure 1. Cross section of the calculation domain:
 a) general view, b) enlargement of the central area.

Figure 2. Comparison of experimental and simulated flame front radius dynamics.

Figure 3. Comparison of experimental and simulated flame front velocity.






Makarov, Molkov, Gostintsev 








Makarov, Molkov, Gostintsev 

















Makarov, Molkov, Gostintsev 
Comparison RNG and fractal combustion models




 
 

Figure 4.



PAGE  



18



